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ABSTRACT 


A najor activity within the Solar Themal Power Systems (TPS) Project of 
the Jet Propulsion Laboratory is the implementation of a series of engineering 
experiments to test selected technologies in application environments. 

A comprehensive analysis was necessary and undertaken to examine the 
power system options in order to ensure that the most feasible systems are 
selected and tested. This study focused on a number of candidate small (1 to 
10 MWe) thermal power systems for the small community electric power market. 

The objectives of this study were to rank the candidate power system 
technologies in terms of the cost of electric energy each system produces. In 
ail cases y it was asi^umed that development programs would result in mature 
power plant systems that could be commercially manufactured. 

This report presents the results of the study^ a brief description of 
the systems examined, and the methodologies used. 


FOREWORD 


The etudy documented in this report wai performed by the Jet Propulaion 
Laboratory (JPL) to aid in the management of the parabolic diah application 
and experiment activities that are part of the Solar Thermal Power Systems 
(TPS) Project. The TPS Project supports the Solar Thermal Energy Systems 
Program of the U.S. Department of Energy (DOE). The goal of this program is 
to develop solar thersMl power technologies for a variety of uses. 

A major activity within the TPS Project is the implementation of a 
series of engineering experiments which are designed to test selected 
technologies in application environments. In order r;o ensure that the most 
feasible technologies are tested ^ a coiq>rehensive aniilysis of the options was 
necessary and undertaken. Thus^ this study focused on a nuafl>er of candidate 
small (1 to 10 MWe) thermal power systems that are applicable to the small 
community electric power market. 

The objective of the study was to rank the candidate power system 
technologies in terms of the cost of the electric energy they produce. In all 
cases, it was assumed that development programs would result in mature power 
systems that could be commercially manufactured. It should be noted that the 
results presented are to be considered on a relative basis and not as an 
absolute assessment. 

After the JPL ranking study was initiated, DOE contracted with the Solar 
Energy Research Institute (SERI) and ^attelle Pacific Horthwest Laboratories 
(PNL) to perform independent ranking studies of similar options. The SERI and 
PNL studies were performed separately to provide DOE with a broader technical 
base for program planning (References 1 and 2) , 

‘rhis report presents the results of the JPL ranking study, a brief 
description of the systems examined, and the methodologies used. A 
significant solar energy data base was also established by JPL in performing 
the course of this study. 
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EXECUTIVE SUHMARV 


Tha obj|activ« of thia study was to rank various ssnsrie solar therpal 
alee trie power generation systeas in tersM of the cost of the electric energy 
they produce M sires of 1^ 5f and 10 MHe. The electric al po wer costs were 
expressed in ceras of the levelized busbar energy cost (BBEG), which is the 
ratio of annualized life-cycle cost to annual electrical energy production. 
Energy production levels were described in teras of the plant capacity factor, 
which was defined as the ratio of annual actual plant energy generation to the 
hypothetical annual energy production based on continuous full-load operation. 

In ev aluati ng energy costs of the various plants, desif i;. .-ur^ optimized 
for ainisua BBEC at every capacity factor. Thus, all candidc .a vysteas were 
conpared on the basis of their miniaua cost perforaance. Results were based 
On insolation conditions at Barstow, California, and were determined by using 
a Jet Propulsion Laboratory (JPL) -developed solar energy simulation code. 

The evaluation was performed by analyzing nine generic plants, which 
consisted of seven collectors and three engine types. These plants were 
identified as follows: 


Collector /Engine Concept 


Abbreviation 


Low Concentration Non-Tracking/Central Rankine Engine LCNT 

Line-Focusing Distributed Receiver, Tracking Concentrator/ LFDR-TC 

Central Rankine Engine 

Line-Focusing Distributed Receiver, Tracking Receiver/ LFDR-TR 

Central Rankine Engine 

Line-Focusing Central Receiver /Central Rankine Engine LFCR 

Fixed-Mirror Distributed Focus/Central Rankine Engine FMDF 

Point-Focusing Central Receiver/Central Rankine Engine PFCR 

Point-Focusing Distributed Receiver /Central Rankine Engine PFDR/R 

Point-Focusing Distributed Receiver/Distributed PFDR/B 

Brayton Engine 

Point-Focusing Distributed Receiver /Distributed PFDR/S 

Stirling Engine 


The various concepts considered are in different stages of development and 
none have achieved commercial readiness st the system level although some 
components of all systems are in common use. In order to make an equitable 
comparison of all candidate systems, it was necessary to assume that each 
concept would reach the same degree of maturity at some time. Therefore, a 
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developfient«l ptriod iretulting in coiBMrcinl introduction lOMstiac betireen 
1985 and 1990 wat atauiied for all syataai. Projactiona of the perfomance and 
coit of tlieae syateM at maturity were made. To geiii^rate valid ayatem 
coBf>ariaoni| each aubayatea waa eatiauted on d rolative baaia to the otherai 
uaing the beat developed ( therefore » the beat underatood) ayatem aa a 
baaeline* For inatancOf concentrator coat and performance parametera for each 
of the nine generic deaigna were eatimated to be conaiatent with the PFCR 
helioatat parametera. 

The atudy determined chat coata of energy from the candidate power 
planta generally are categorieed into three diatinet groupa for the power 
rangea cotiaidered* The loweat coata are achievable with two-axia tracking, 
point~focuaing collectora (i.e., PFDR and PFCR), Intermediate coata are 
achievable with one-*axia tracking, line-focuaing collectora (i.e., LFDR-TC and 
LFCR). The higheat coata are likely with non-tracking ayatema (i.e., LCNT). 

At the l-MWe aise, the loweat coat plant waa a diatributed engine ayatem 
(PFDR/B). At 5 MWe, the performance of the loweat cost, diatributed engine 
system (PFPR/B) was matched at high capacity factors by one of the two<-axia 
tracking, central engine systems (PFDR/R). At 10 MWe, the central engine 
PFDR/R was a lower cost systen than the PFDR/B at high capacity factors (0.5 
to 0.7). It should be noted that the point^focuaing concepts (PFDR/B, PFDR/R, 
FFDR/S, and PFCR) are all very close, and the cost differentials that separate 
them are equivalent to the uncertainties in the analysis. However, the aepara- 
tian between the ane-^ and twa-axia tracking ayatema ia large when eompared ta 
the uncertainties; hence, one can confidently conclude that the lowest electri- 
city costs are associated with the point-focusing technology. 

Figure I shows the electricity cost as a function of the capacity factor 
for the 5-MWe systems studied; the dashed left ends of the curves represent no 
storage, while the solid portion includes storage (the slojpe discontinuity 
arises from the fact that the plots shown are the combination of two curves} 
to the lefi. of the discontinuity, one can operate with storage, but the 
no-storage case is less expensive; hence, only the latter is shotm). Figure 2 
shows a breakdown of the electricity costs at the optimal no-storage capacity 
factor for the 5-MWe systems considered. 

Because the results above only apply to technology development and costs 
expected in this decade, they do not reflect the far-term potential for solar 
thermal generated power. To illustrate further improvements that can be 
expected in the early 1990s, two advanced engine designs currently under 
development for automobile applications were added to the lowest cost (PFDR) 
system. The results are shown in Figure 3, where 5-MWe plant electricity 
costs are displayed for the advanced Bray ton and Stirling engines, as well a s 
the baseline cases; these advanced engines result in an improvesMnt in BBEC, 
Note that these advanced engines are in the early development phase, and their 
critical descriptive parameters have been taken from goals of the development 
projects; hence, their true cost and performance are uncertain. 

In addition to engine changes, sensitivities to other elements (e.g. 
various production levels, improved mainte nance) were calculated. This 
resulted in the observation that the BBEC was more senaitive to economic 
factors than those of a technological nature. 
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Figure 1. Energy Cost as a Function of Capacity Factor 
for 5-MWe Power Plants (1978 Dollars) 
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SECTION I 


INTRODUCTION 


A. BACKGROUND 

The Jet Propulsion Laboratory (JPL) is conducting the Solar Thermal 
Power Systems (TPS) Project for the U«S. Department of Energy (DOE). The TPS 
Project includes a parabolic dish applications development activity. The 
major thrust of this activity centers around a series of engineering 
experiments whose purpose is t,> test small solar thermal power systems and to 
establish system feasibility. The solar thermal power plant ranking study 
summarized in this report was performed to aid JPL in managing the experiment 
activity as well as to support decisions for the selection of the most 
appropriate technological approach. This report provides a summary of the 
systems evaluated, the methodologies utilized, and the cost and performance 
results obtained. 


B. OBJECTIVE AND APPROACH 

The objective of this study was to rank the candidate power systems in 
terms of the cost of the electric energy they produce. These elec trica l power 
costs are expressed in terms of the levelized busbar energy cost (BBEC), which 
is the ratio of annualized life-cycle cost to annual electrical energy 
production. The life-cycle cost for a candidate power system consists of the 
costs of acquisition, ownership, operation, and maintenance over the system's 
lifetime. Electrical energy production is determined by the annual solar 
insolation at the plant site and the system performance parameters. By 
varying the plant's concentrator area and storage times y it is possible to 
examine system performance and costs over a wide range of energy production 
levels. These production levels are described in terms of the plant capacity 
factor, which is defined as the ratio of annual plant energy generation to the 
hypo thetical annual energy production based on continuous full-load operation. 
BBEC is deter mined as a function of capacity factor for each candidate system. 
The values of BBEC are selected so that energy cost is minimized for increasing 
values of capacity factor. Thus, all candidate systems are compared in terms 
of their minimum cost performance so that the most cost-effective systems can 
be identified The identified systems will have a greater potential for 
producing electric energy at a lower cost than the other systems analyzed. 

The cost and performance results for the individual power plants were 
determined by utilizing the solar energy simulation model known as SES II. 

This model is described in Reference 3. 


C. GROUND RULES 

In order to achieve consistency in the cost and performance evaluation, 
several ground rules were established. These ground rules included a defini- 
tion of the economic evaluation technique, a specification of plant maximum 
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electrical generation capacity, and designation of certain annual capacity 
factors. A list of ground rules follows: 

(1) All plants have a 30-year lifetime. 

(2) Plant sizes of I, 5, and 10 MWe are evaluated. 

(3) All plants are located in Barstow, California. The annual 
insolation at the plant site is based on the 1976 data measured by 
West Associates and analyzed by the Aerospace Corporation 
(Reference 4). This insolation exists for the total lifetime of 
the plan?:. 

(4) All the electric energy produced by the plant is utilized without 
regard to variation in load demand. 

(5) BBEC is calculated using the JPL/EPRI (Electric Power Research 
Institute) economic evaluation methodology developed by JPL 
(Reference 5). 

(6) BBEC is determined for the optimal no-storage capacity factors as 
well as capacity factors of 0.4 and 0.7. 

(7) Initial capital cost for the various power systems is based on 
annual production levels of 25,000 units for components and 
subsystems unique to solar applications. Costs of other 
components and subsystems are based on current industrial values. 

In addition to the ground rules above, a set of economic parameters as 
required by the JPL/EPRI evaluation methodology was also established. These 
economic values, based upon a typical investor -owned utility and general 


economic factors as of 1978, are as follows: 

(1) Cost of capital (discount rate) 0.086 

(2) Annual miscellaneous tax rate as a fraction 

of capital investment 0.020 

(3) Annual insurance premiums as a fraction of 

c-apital investment 0.0025 

(4) Effective income tax rate 0.400 

(5) General escalation rate 0.060 

(6) Escalation rate for capital costs 0.060 

(7) Escalation rate for operating costs 0.070 

(8) Escalation rate for maintenance costs 0.070 

(9) Base year 1978 
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( 10 ) 

ill) 


Year of Coanercial Operation 
Plant construction period?! 


1985-1990 


Total Construction 


Sir.e (MWe) Ti«e (yr) Distribution 


1 

1 

lOOX - 1989 


5 

2 

67Z - 1988; 

33X - 1989 

10 

3 

50% - 1987; 

25X - 1988; 



25% - 1989 



The various solar thermal concepts exhibit a disparity of developmental 
status. In order to make an equitable cosiparison of all candidate systems » it 
was necessary to assume that each concept would reach the same degree of 
maturity. Therefore, a developmental period reetulting in commercial 
introduction sometime between 1985 and 1990 was assumed for all systems. 

Thus, any year within the 1985 to 1990 range can be chosen as the first y ear 
of commercial operation for the candidate systems. The maximum change in BBEC 
for any candidate system as a result of choosing any year within this period 
is less than 1%. 


SECTION II 


SOLAR THERMAL ELECTRIC POWER SYSTEMS 


A. SYSTEM CONCEPTS 

A solar thermal electric power system consists of collector, power 
conversion, energy transport, and energy storage subsystems (see Figure 2-1). 
The solar collectors considered in this study consist of a concentrator and 
receiver. The concentrator, using mirrors or lenses, collects sunlight and 
focuses it at the receiver. !!Jhe receiver, a specially-designed heat 
exchanger, absorbs the solar flux and converts it to thermal energy. The 
power conversion subsystem, which consists of a heat engine and electrical 
generator, then converts the thermal energy into electricity. Storage 
subsystems are used for storing excess energy for later use. 

The two major collector designs currently being examined are the central 
receiver and distributed receiver. Central receiver systems comprise a large 
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STORAGE 

OPTION 
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Figure 2-1. Solar Thermal Electric Power System 
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field of sun-tracking mirrors (heliostats) | which focus sunlight on a 
centralized receiver. Distributed receiver systems consist of a field of many 
smaller concentre tor/receiver modules. There is a trade-off between these two 
collector system designs to be considered between the savings resulting from 
the mass production of many small concentrator/receiver modules and the 
economy of scale provided by large central receivers. K further dimension in 
which collector designs may be distinguished is the type of sun-tracking 
mechanism employed. Collectors may be fixed (non-tracking) , one-axis 
tracking, or two-axis tracking. The tracking capability may be included in 
either the concentrator or the receiver. Fixed collectors are usually 
flat-plate or low-concentration devices, which produce low collector 
operating temperatures (50 to and lo^r system efficiencies (2 to 10%). 

One-axis systems employ higher concentration ratios and linear receivers for 
higher temperatures (150 to 425°C) and higher system efficiencies (10 to 18%). 
Two-axis collectors with point-focusing capabilities can provide high 
temperatures (425 to 1100°C) as well as high system efficiencies (15 to 30% 
or better). A second trade-off exists between the higher cost, complexity, 
and higher performance of the two-axis systems, and the lower cost, relative 
simplicity, and lesser performance of the one-axis or non-tracking systems. 

The power conversion subsystem may be either centrally located or 
distributed in the collector field. In central conversion, thermal energy 
from the receiver is converted into electricity at a nearby large, central 
heat engine /genera tor, while distributed power conversion is accomplished with 
many smaller heat engine/generators dispersed within the collector field. 
Distributed power conversion is only feasible with distributed receiver 
systems. In this study it was assumed that the point-focusing distributed 
receiver systems, which use distributed conversion, liave the engine /genera tor 
mounted onto a module with the receiver near the concentrator focal point. 
There is a trade-off between the cost reduction potential of mass producing 
many small units versus the economy of scale realized by one large unit. 

Solar thermal power systems may also differ from one another with 
respect to the type of thermodynamic conversion cycle employed. The 
conversion cycles most often considered are Rankine, Bray ton, and Stirling 
engines. Although the Rankine-cyde engines studied are limited to lower 
temperatures (250 to 500°C) and have lower efficiencies (15 to 40%) than the 
Bray ton or Stirling engines, the Rankine systems are commercially available 
and future cost /performance estimates are fairly certain. The Rankine-cyde 
engines considered in this study were applied to central power conversion 
systems with a capacity of 1 to 10 NWe with either distributed or central 
receiver systems. Efficiencies for Brayton-cydc engines (25 to 45%) are 
potentially better than those for Rankine systems because of higher 
temperature capabilities (750° or more) and differences in the thermodynamic 
cycle. The Bray ton-cycle engines, however, require higher temperature 
receivers as well as additional development. Although large central 
Bray ton-cycle engines could be used itv distributed receiver systems, current 
development is focused on small dish-mounted enpanes. Stirling-cycle engines 
seem to offer higher performance potential than he Brayton engine when 
operating at the same temperature but would require more frequent major 
overhauls. It seems that the Brayton and Stirling engines are best suited to 
point- focusing distributed systems in which their small size and high 
temperature needs are well matched . 
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Energy storage for e solar power plant can be acconplished by storing 
the thenaal energy received by the collector field or by utilissing electrical 
storage. The latter is most applicable to distributed energy conversion 
systeas that utilize Bray ton or Stirling engines. All other solar thermal 
power plant concepts were aseumed to store therauil energy prior to conversion 
into electrical energy. Based on operational reliability and technological 
maturity, dual media thermal storage oubsystems (composed of salt and rock for 
high and medium temperature systems, and oil and rock for low temperature 
systems) were chosen for this study. The electrical storage system assumed 
was a redox system. This system, which uses an iron and chromium electrolytic 
solution, is under development at NASA Lewis Research Center (LeRC) for DOE. 

Figure 2-2 presents a morphological structure of the generic plant 
concepts evaluated in the study. Even though configurations other than the 
nine types shown can be synthesized, they were not considered because they are 
either sufficiently represented by those concepts evaluated, or they have a 
clearly identifiable cost disadvantage. The system abbreviations, as shown in 
Figure 2-2 and used elsewhere in this report, are defined as follows: 


Collector /Engine Concept Abbreviation 

Low Concentration Non-Tracking/Central Rankine Engine LCNT 

Line-Focusing Distributed Receiver, Tracking LFDR-TC 

Concentrator/Central Rankine Engine 

Line-Focusing Distributed Receiver, Tracking LFDR-TR 

Receiver /Central Rankine Engine 

Line-Focusing Central Receiver/Central Rankine Engine LFCR 

Fixed-Mirror Distributed Focus/Central Rankine Engine FMDF 

Point-Focusing Central Receiver /Central Rankine PFCR 

Engine 

Point-Focusing Distributed Receiver /Central PFDR/R 

Rankine Engine 

Point -Focusing Distributed Receiver /Bray ton Engine PFDR/B 

Point-Focusing Distributed Receiver/Stirling Engine PFDR/S 


B. SPECIFIC SYSTEM DESIGNS 

1. Low Concentration Non-Tracking (LCNT) 

This generic design covers both the symmetrical and asymmetrical 
vee trough as well as several configurations of compound parabolic concentra- 
tors (CPC) . The system chosen for this study was based upon a University of 
Chicago CPC design, which has an evacuated tubular receiver (References 6, 7). 
This design provides the highest performance of any LCNT system. 
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Figure 2-2. Morphology of Solar Theiml Power Plant Technology Options 









































Figure 2-3 shows a CPC and Figure 2-4 shows a typical LCMT solar power 
plant layout. The collector modules are oriented in an east-west direction 
and their tilt angles are adjusted monthly. These modules are placed in rows 
o.l m apartf which corresponds to a ground coyer ratio of 0.45. Each receiver 
consists of a copper U-tube bonded to a fin and enclosed in an evacuated 
receiver. All modules are connected in parallel. The heat transport fluid 
(Caloria HT43 or equivalent such as Therminol 66) is heated and supplied 
through an insulated piping grid to the central energy conversion unit. A heat 
exchanger utilizes the heat supplied by the transport fluid to vaporize tol- 
uene, an organic working fluid for a Rankine-cycle engine. The engine operates 
an electrical generator, and any excess heat is routed to thermal (Caloria 
HT43 and rock) storage. A cooling tower rejects excess condenser heat. 


2. Line-Focusing Distributed Receiver, Tracking Concentrator (LFDR-TC) 

. This generic plant is cooinonly referred to as a parabolic trough 
(see Figure 2-5). Figure 2-6 shows a typical LFDR-TC power plant. Although 
major design and test efforts have been conducted by several organizations, 
this study focused on a Sandia National Laboratories design (References 8, 9). 
This design consists of collector modules that are 61 m in length and have 
2-m apertures. The modules are placed 5.7 m apart, which result in a ground 

*^**^*‘° 0*35. Although a polar orientation would collect slightly more 

energy, a north-south horizontal mounting was chosen in order to simplify the 
collector transport field. The receiver tube is enclosed in a glass jacket, 
which IS evacuated in order to reduce thermal losses. Beat is transported 




Figure 2-3. Low Concentration Non-Tracking (LCNT) Concept /Compound 
Parabolic Concentrator (CPC) 
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Figure 2-4. LGNT Power Plant Layout 
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Figure 2‘-5. Line-Pocueing Distributed Receiver Concept 
Uaing Parabolic Troughs (LPDR-TC) 


froa the collector to the central energy conversion unit by using a silicone 
fluid| such as Sylthera 800^ which flows through an insulated piping grid. A 
heat exchanger utilizes the heat supplied by the transport fluid to vaporize 
toluene. As in the LCNT systea, the organic-Rankine engine/generator produces 
electricityt *nd any excess heat is routvl to theraal storage. The storage 
aediua is Hitec^ in coabination with rock and sand. A %rat~cooling tower 
rejects excess condenser heat. 

3. Line-Focusing Distributed Receiver, Tracking Receiver (LFDR-TR) 

This concept is sosMtiaes referred to as the fixed faceted-airror 
solar collector (FFHSC) because of the configuration of airror segisents over 
the concentrator surface. Figure 2-7 shows a segaented'-airror concentrator. 


^Hitec is a trademark for a DuPont product which includes 53Z KNO 3 , 
40X NaN 02 , and 7X NaN 03 . 
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Figure 2-6, LFDR-TC Power Plant Layout 
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Figure 2-7. Liue-Focusing Distributed Receiver Concept Using 
Fixed Mirrors and Movable Receiver (LFDR-TR) 


A typical LFDR-TR solar power plant is identical to the LCNT plant illustrated 
on Figure 2-4 with the exception of the field layout. The system evaluated 
here has been investigated and ieveloped by the General Atomic Company 
(References 10, 11, 12). 

In this system, the receiver tracks the linear image produced by the 
FFMSC. The concentration flux intensity is increased by a factor of two by 
using a CPC as a secondary concentrator. The collector modules, which measure 
3 tf by 61 m, are oriented in an east-west direction and are situated 5.5 m 
ap^rt. The heat transport fluid is Caloria HT43 or equivalent petroleum base 
oils. As in the LCNT and LFDR-TC designs, this fluid exchanges heat with 
toluene to generate power. The transport fluid also serves as the storage 
fluid in combination with sand and rock. 


4. Point -Focusing Central Receiver (PFCR) 

A typical PFCR (5 MWe) plant schematic layout is shown in Figure 
2-8, All major subsystems and consonants are shown; the field of heliostats 
encircles the tower. A smaller plant (1 MWe), with a north-only field and a 
cavity receiver, appears in Figure 2-9, An unusual feature of the PFCR and 
LFCR systems is the use of optical, rather than thermal, energy transport. 

The PFCR plant evaluated is similar in design to the DOE 10-MWe pilot plant 
located at Barstow, California. (References 13, 14). 

The PFCR concept has an array of two-axis tracking heliostats that 
direct the solar beam onto the surface of a receiver, where most of the solar 
flux is absorbed. This receiver is mounted on a tower. The working fluid 
enters the receiver tubes as pressurized water, exits as superheated steam, 
and is then piped to the bottom of the tower. Receiver steam can be routed 
either to the inlet of a conventional, central -Rankine turbine /generator set 
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Figure 2-8. PPCR Power Plant Layout 
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Figure 2 - 9 . PFCR Plant with North Field 
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for innediate electrical power production or to the thernal storage 
subsystem. In the latter option^ heat is transferred from steam to a Hi tec, 
rock, and sand storage medium. The heliostat orientation is controlled 
through a central computer unit, in combination with peripheral equipment and 
software. 


5. Line-Focusing Central Receiver (LFCR) 

Basically, the LFCR system is a one-axis tracking version of the 
PFCR system. This concept has an array of long single-axis tracking 
heliostats that reflect the incident direct solar flux onto a cavity-type 
linear receiver (see Figure 2-10). In addition to an elevation tracking 
mechanism, the heliostats use a mechanism to flex the reflective surface that 
changes the focal length. This is necessary because the illumination is 
generally off-axis during early morning and late afternoon hours, introducing 
off-axis astigmatism. With an adjustable radius of curvature, a line focus 
can be maintained for off-axis illumination. When the tracking axis is 
oriented east-west for latitudes greater than 30 to 35^., < the most efficient 
location of the heliostat field is on the north side of the receiver. The 
LFCR collector design in this study is based upon the work of the FMC 
Corporation (References 15, 16, 17, 18). 

As in the PFCR system, optical energy transport plays a major role 
within the LFCR plant, li^ecause of the one-axis tracking of the LFCR, a part 
of the flux reflected from the heliostats will miss the receiver at tioies 
other than solar noon. The length of receiver not illuminated is a function 
of the angle between the receiver and the sun. In order to reduce end losses 
(the amount of solar flux missing the receiver during non-noon hours), 
triangular-shaped heliostat field sections (called butterflies) are added at 
both ends of the heliostat field (see Figure 2-10). 'Tl^e butterfly area is 
designed to allow the full length of the receiver to be illuminated for the 
four hours centered around solar noon. 

Figure 2-10 shows a typical (5 MWe) plant layout; the heliostat field is 
of the north-only type and has 21 rows. A schematic diagram of this plant 
would be similar to the PFCR system (Figure 2-8). 

6. Fixed-Mirror Distributed Focusing (FMDF) 

The FMDF system consists of a number of collectors, each having a 
large (61-m diameter) spherical-segmen.t reflector that concentrates the 
incident solar flux onto a linear receiver. The system evaluated in this 
study is based upon the work of Texas Tech University and E-Systems, Inc. 
(References 19, 20, 21). The concentrator is fixed and is made up of many 
small, curved-mirror panels. Part of the concentrator is situated below 
ground level, and its aperture plane is tilted slightly toward the south. A 
long, linear two-axis tracking receiver is located within the concentrator 
bowl (see Figure 2-11). The receiver is designed so that only a small 
fraction of the solar flux reflected by the concentrator misses the receiver. 
The fixed nature of the concentrator produces large diurnal variations in the 
power available to the receiver. Furthermore, the flux variation along the 
receiver (a function of the spherical geometry of the reflector) is time 
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Figure 2-10. LFCR Powr Plant Layout 
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Figure 2-11. Fixed-Mirror Distributed Focusing (FMDF) Concept 


dependent. The working fluid enters the bottom of the receiver as pressurized 
water and leaves the receiver as superheated steam at the top. As in the PFCR 
system, receiver steam can be routed either to the central turbine/generator 
or to thermal (Hitec and rock) storage. The receiver orientation is 
controlled by a central computer, together with peripheral equipment and 
software. A schematic diagram for such a plant would be similar to the one 
illustrated for the PFCR system (Figure 2-8). 


7. Point-Focusing Distributed Receiver /Central Rankine Engine (PFDR/R) 

The designs evaluated for the PFDR systems are not based on any one 
system, but on a composite of several designs. This concept has a collector 
field composed of two-axis tracking dishes. The reflective surface of the 
dish concentrates the direct component of solar radiation onto a small area on 
the focal plane where a cavity receiver is ti?ounted. Figure 2-12 portrays one 
of the PFDR concepts developed by Acurex Corporation. The working fluid, 
which is circulated through the receiver, may be a heat transfer fluid or the 
working fluid of the heat engine. The heat engine can be one of several 
types. The engine specific to the PFDR/R design is a large central steam- 
Rankine turbine, similar to the one used in the PFCR system. 

A ground cover ratio of 0.31 with a rectangular field layout was chosen 
because studies have indicated that such an arrangement results in only a 
minor amount of adjacent dish shadowing (about 5% annually). The dishes are 
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Figure 2-12. Concept of Point-Focusing Distributed Receiver (PFDR) 
Attached to a Two-Axis Tracking Concentr^'tor 


connected by a piping grid, which supplies superheated steam to the engine. 

A return line routes pressurized water to the inlet of each receiver. The 
storage system behaves the same as in the PFCR system. The thermal fluid 
transport system is of parallel design, where each receiver produces 
superheated steam. A typical PFDR/R, 5-MWe plant layout is shown in Figure 
2-13. Collector tracking is controlled by a central computer, in combination 
with peripheral equipment and software. 


8. Point-Focusing Distributed Receiver/Brayton Engine (PFDR/B) 

The PFDR/B system is similar to the PFDR/R design. The PFDR/B 
system differs in the use of small, dish-mounted, Brayton-cycle engines (i.e., 
gas turbines) in place of the large central steam engine of the PFDR/R. 

As in the case of the previous PFDR concept, the PFDR/B system has a 
collector field consisting of two-axis tracking dishes. A cavity receiver is 
mounted at the dish focus. A working fluid is circulated through the receiver 
and transfers heat to the engine, which is located behind the receiver. The 
conversion efficiency of the small Bri^yton cycle from heat to shaft energy is 
not very sensitive to size. This fact, combined with the Brayton's low weight, 
enables the engine to be connected to the receiver. Although it would be 
sosiewhat more efficient to use a large central Brayton engine, the necessity 
to transport high-temperature gas with its associated losses would eliminate 
any engine efficiency gain. For the selected PFDR collector system, the field 
layout is rectangular with a ground cover ratio of 0.31, which results in a SZ 
annual energy loss from shadowing. The dishes are connected only by electrical 
lines through which DC power is transferred to the inverter. 
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Figure 2~13. PFDR/R Power Plant Layout 


Subsequently, AC power is then transferred to the substation. A typical PFDR/B 
schematic layout is shown on Figure 2-14. Figure 2-15 is a plant layout of a 
dish electric system. Energy storage is achieved with redox electrical stor- 
age. Thermal storage for periods of several hours or more is not suitable 
because of heat transfer difficulties and the problem of additional weight at 
the focal point. Buffer storage for short periods of several minutes might be 
desirable but was not considered in this study. 


9. Point-Focusing Distributed Receiver/Stirling Engine (PFDR/S) 

The PFPR/S system is identical to the PFDR/B system, with the 
exception of the energy conversion unit and receiver size. The PFDR/S engine 
assumed for this study is a kinematic Stirling design with the receiver 
serving as the engine head. Free-piston Stirling engines were not considered 
for this study because of their low state of development. 

The collector field is similar to that of the PFDR/B and PFDR/R systems, 
but fewer dishes are required for the PFDR/S system since energy conversion is 
more efficient. The PFDR/S system also has a rectangular field layout with a 
ground cover ratio of 0.31, which results in a 5 % annual energy loss from 
shadowing. The dishes are electrically interconnected. The plant uses 
electrical energy (redox) storage. Figures 2-14 and 2-15 also apply to the 
PFDR/S system. 
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SECTION III 


METHODOLOGY 


A, INTRODUCTION 

The generic plants evaluated in this study were ranke d in terms of BBEC as 
determined by the SES II computer code. To calculate BBEC^ the code calculates 
annual electrical energy production from the syste m performance parameters. It 
also estimates annualized life-cycle costs. BBEC is the ratio of annualized 
life-cycle cost to annual energy production. To obtain these results, it was 
necessary to establish system and component costs and perfonaance input para- 
meters for all plants. Consistent data were developed through an extensive 
analysis and review of information supplied by equipment vendors, from open 
literature, and from previous work performed at JPL. With respect to the 
Brayton and Stirling engines, manufacturing cost estimates were developed for 
specific engine configurations on a piece-by-piece basis. The remainder of 
this section explains in detail the cost and performance methodology. 


B. COST AND PERFORMANCE METHODOLOGY 

To evaluate the generic plant systems, the cost and perfonaance of the 
various component subsystems had to be characterized. Since the subsystems 
evaluated were in varying stages of development and production, it was 
necessary to use several different methodologies in determining the cost and 
performance data. The various subsystems were categorized into three 
developmental levels: present, mature, and advanced. 

Subsystems in the present category exist today qven though their use for 
solar power plants may require slight modification. To determine the cost and 
performance data for this group, manufacturer surveys and jPL-comroissioned 
studies have been conducted. The subsystems in this category include energy 
transport and the balance-of-plant components; i.e., controls, land and site 
preparation, substations, shipping fees, spare parts, temporary facilities, 
operations crew, building maintenance, and the fees of A&E and construction 
management firms. 

The mature subsystems are those that currently eiiist in prototype form, 
but which are considered for purposes of this study to have achieved an 
improved state of development. The assumption of mature technological 
development was applied to the concentrators, receivers, energy conversion 
systems, and storage systems wherever performance limitations or high costs of 
present technologies significantly impair economic feasibility. The principal 
differences between the mature and the present technologies are the 
assumptions that the mature group incorporates component refinements, design 
faults are eliminated, and production levels of 25,000 units annually are 
achieved by 1990. The cost and performance of these subsystems were 
determined by using published studies. Whenever possible, manufacturer review 
and confirmation were obtained regarding the data derived from these studies. 


The advanced aubayateiisa currently exist only in feasibility studies. 

The realization of these subsystems would require that the results of 
successful research and developaient activities be integrated into complete 
subsystem designs. The cost and performance estisMtes for this group were 
based on projected developments in materials^ engineering designSf and 
manufacturing techniques. The subsystems in this category include thin-fiimi 
inflatable! and plastic-surfaced concentrators! inflatable troughs! and 
advanced Stirling and Bray ton engines. 

The cost and performance parameters established were reviewed for 
technical validity and inter nal co nsistency. These values then served as the 
basis for the calculation of BBEC. 


C. DESCRIPTION OF SOUR ENERGY SIMUUTION COMPUTER CODE (SES II) 

The characteristic variation of BBEC with capacity factor for each of 
the nine generic systems was determined by means of a computer simulation 
model (Reference 3), which utilized the results of the subsystem cost and 
performance analysis as inputs. The simulation model! known as the Solar 
Energy Simulation code (SES II), consists of three major programs: the FIELD 

program calculates collector field thermal energy output for specific 
insolation and meteorological conditions; the POWER program determines the 
electrical power production of the power conversion subsystem under specified 
conditions for selected concentrator areas and storage capacities; and the 
ECONOMICS program calculates energy costs for specific plant configurations. 

The model transmits data from the performance code to the economics code and 
selects the minimum cost plant configurations. 

The complete simulation of a solar power plant is accomplished by con- 
secutive application of the three main programs, which are linked to operate 
as one. Even though each one can be executed independently, the second and 
third programs (POWER and ECONOMICS) require inputs that ordinarily are trans- 
ferred from the first and second programs, respectively. Thus, POWER requires 
input from FIELD, and ECONOMICS requires data from POWER. Figure 3-1 illus- 
trates the operation of the SES II model. 

In the FIELD program solar insolation data are acted upon by the perform- 
ance characteristics of the collector. Input energy is reduced when encoun- 
tering each of the subsystems by optical and thermal energy losses until it is 
delivered to either the power conversion or the thermal storage units. Thus, 
the FIELD program begins with solar insolation and ends with the thermal energy 
delivered by the thermal energy transport system to either the power 
conversion or thermal storage units. 

Most of the FIELD program output is used as input to the POWER program. 
Time, solar insolation, ambient temperature, net energy collected, and effi- 
ciency of the collector are transferred from FIELD to POWER. 

The POWER program calculates the total electrical power that is generated 
during a one-year time period. The program also records energy into and out 
of storage and energy wasted. These factors are evaluated for selected values 
of concentrator area and storage time. The appropriate mode of plant operation 


3-2 




for hourly ti«e incroaents is dstorained by the heat eveil- able fro* tha 
collector and the quantity of energy that is in storage. Both thensal and 
electrical storage syotesa can be addressed in POWER. 

The ECONOMICS program determines capital and replacsment/overhaul costs 
as well as operating and maintenance (04M) costs for the power pla nt con - 
figurations being studied. It also calculates life-cycle cost and BBEC. Once 
the costa have been calculated; this program optimises each plan t con figuration 

by varying concentrator area and storage time, so that a minimum BBEC is 

obtained for varying capacity factors. A plot of capacity factor versus BBEC 
for all configurations is c reated , along with the minisnim cost curve that 
joins the points of minimum BBEC for increasing values of capacity factor (see 
Figure 3-2) . 



Figure 3-2. Exaisple of Energy Cost Sensitivity to Capacity 
Factor Provided by the SES II Program 
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the algo rithi within the ECONOMICS f»rogra«| which calculates liic^cycle 
cost and BBECy was developed jointly by JPL and EPRI (Electric Power Research 
Institute) (Reference 5). It provides a standard technique for the calculation 
of consistent ranking of alternative energy system designs in terms of their 
cost-effectiveness for producing energy. 

The costs addressed by this algorithm are those incurred as a direct 
result of purchasing^ installing^ and operating the energy system being 
studied. These costs are aggregated over the system lifetime ^nd converted to 
a yearly basis. They are then divided by the expected yearly energy output of 
the specific system. The result is the BBEC for the system. If the system 
prod uces its predicted output^ and if that output is Sold at a price equal to 
its BBEC, the resultant revenues will recover exactly the full cost of the 
system during its lifetisw, including a return on the investment of 
stockhoiders and creditors. 

Levelized busbar energy cost is a single cost which represents an 
average of a distribution of varying charges. It is typical of the growing 
distribution of actual busbar energy costs because it represents a uniform 
distribution which, over the same time interval, has the same present value. 
Thus, the levelized charge represents an overcharge in early years and an 
undercharge in later years. 


SECTION IV 


SUBSYSTEM PRICE AND PERFORMANCE 


This Mction preiwitt th« price and perCorunce data o£ the various power 
plent eubsysteas as well as the ansociated rationale. As discussed in Section 
lilt * vajor part of this effort was devoted to classifying the individual sub- 
systeas into three categories of developaent: presents aaturet and advanced. 

Once the subsystea prices and perforaance were deterained and reviewed , they 
were used as inputs to the SES II coaputer model so that overall generic plants 
could be equitably compared. The results of the siaulation analysis are pre- 
sented in Section V - Power Plant Cost and Perforaance Results. The individual 
subsystems to be discussed are collectors , energy transport^ energy conversion^ 
storage, and balance of plant. 


A. COLLECTORS 

To calcv.late collector price, a detailed evaluation of existing designs 
was performed for all collectors used in the study. The results of this effort 
showed that some designs have received more developaent and optiaization than 
others. It was also deduced that all systeas could benefit from the transfer 
of technology among the various concepts. Therefore, this transfer was assuaed 
to take place in order to determine consistent production level costs for all 
systems. For example. Figure 4-1 shows that a heliostat concept may be readily 
adaptable to a dish system. 

The basic collector components (reflective surface, receiver, receiver 
support, and foundation) were identified and compared with a baseline point- 
focusing central receiver system (Reference 22). In-performing this analysis, 
studies conducted by manufacturing firms were reviewed. Some of these firms 
were E-Systems, Inc. (who evaluated the FMDF and PFCR collectors), 
Scientific-Atlanta, Inc. (LFDR-TR, LFDR-TC), and McDonnell Douglas 
Astronautics Company (PFCR, PFDR, LFDR-TC, and heliostat versus heliodish) 
(References 22, 23, 24, 25, 26). 

Predicted collector operating characteristics and installed prices are 
given in Table 4-1. The two-axis concentrator systems (PFDR and PFCR) have 
the highest concentrator prices because of the utilization of more parts than 
either the line-focusing or non-tracking systems. The concentrator price 
includes the reflector, elevation tracking, and azimuth devices per unit 
concentrator area. The FMDF is also a two-axis syst^i^m, but its concentrator 
does not move. Its receiver does the tracking and, therefore, it has low 
concentrator and high receiver prices. The receiver prices of the LFDR-TC and 
LFDR-TR sy a terns are exceptionally low because most of the receivers are 
included in the price of the piping networks. The systems with the highest 
receiver support structure prices are those that use towers or movable 
struts. The low-coft receiver systems, such as PFDR and Li^DR-TC, have fixed 
struts. The highest foundation prices are associated with stowable dishes and 
concentrators with large areas exposed to the wind. 
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System PFCR PFDR/R PFDR/S PFDR/B FMDF LFCR LFDR-TC LFDR-TR LCNT 
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The veluee in Table 4-1 are baaed on production levela o£ 25,000 units 
annually as specified in the study's ground rule nssuaiptions (Section liC). 
Figure 4-2 shows how the installed concentrator price of the PFDR systesis can 
vary with production level, while Figure 4-3 showa the FFDR/B and PFDR/S 
installed receiver price as a function of production level. These curves 
resulted frosi studies conducted by Sanders Associates, Acurex Corporation, 
General Electric Cos^>any, and Boeing Engineering and Construction Company 
(References 27, 28, 29, 30), and were used for sensitivity analyses with 
respect to production levels, ‘fhese studies also determined collector 
maintenance costs by assessing failure rates and associated maintenance. An 
annual maintenance cost of 2.1% of initial concentrator price was established 
for all collectors. Therefore, the less complex collectors with a smaller 
number of components and lower initial prices also have lower maintenance 
costs . 


1. Collector Optics 

Several computer algorithms, which characterize the optics of each 
collector field, were used in order to determine field performance. The 
purpose of these models is to combine field performance with insolation in 
order to determine annual overall collector performance. The primary source 
of data for each system was: 


System 


Source 


LCNT 

LFPR-TC 

LFDR-TR 

LFCR 

FMDF 

PFCR 

PFDR/R,B,S 


University of Chicago, Argonne National Laboratory 
(References 6, 7) 

Sandia National Laboratories (References 8, 9) 

General Atomic Company (References 10, 11, 12) 

FMC Corporation (References 15, 16, 17 18) 

Texas Tech University, E-Systems, Inc. 

(References 19, 20, 21) 

McDonnell Douglas Astronautics Company, Sandia National 
Laboratories (References 13, 31) 

JPL, Ford Aerospace and Communications Corp. 

(Reference 32) 


The collector performance data were used in conjunction with an inaoletion 
data tape for Barstow, California, in order to determine the quantity of 
energy that could be collected. Figures 4-4 and 4—5 illustrate overall 
collector field efficiencies for the susaner solstice and the winter solstice. 
The efficiencies shown include losses resulting from blocking, shadowing, 
reflectance, angle of incidence, absorptance, radiation, convection, and 
conduction from the receiver. 
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ANNUAL PRODUCTION RATE 

Figure 4-2. Concentrator Price as a Function of An^iual Production Rate 
for PFDR Systems (1978 Dollars) 


The PFDR systems have the highest efficiencies because they maintain 
alignment between the sun, concentrator, and receiver from sunrise to sunset 
throughout the year. The efficiency of the LCNT abruptly drops to zero 3-1/2 
hours from solar noon because at that time the sun is beyond this system's 
acceptance angle. Unlike any other system, the LFDR-TC efficiency peaks four 
hours from solar noon. The focal plane of the line-focusing concentrator has 
a north-south orientation and forms an angle with the sun, which results in 
smaller cosine losses and a lower incidence angle late in the day and early in 
the morning. The deviation shown for the FMDF system in Figure 4-4, which 
occurs three hours from solar noon, is due to the utilization of two different 
operating temperatures needed in order to maximize performance. 


B. ENERGY TRANSPORT 

Three types of energy transport were used by the generic plants 
evaluated in this study: electric, thermal, and optical. 

The PFDR/R, LFDR-TC, LFDR-TR. LCNT, FMDF, and LFCR systems use thermal 
transport. Energy is delivered from the collector to the power conversion 
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Figure 4-3. PFDR/S and PFDR/B Receiver Price as a Function of Annual 
Production Rate (1978 Dollars) 



unit by use of a hot transport fluid. In addition, the PFCR and I.FCR systems 
use small amounts of thermal transport evjn though the majority of their 
primary transport is optical. 

The thermal transport subsystems assumed for this study are a result of 
the combined efforts of architectural and engineering (A&E) firms, manufac- 
turers, and JPL (References 33, 34, 35). A mature design was used, employing 
insulated flexible metal hoses to correct the collectors to main header 
pipes. The utilization of the insulated flexible metal hose eliminates the 
need for omega (thermal expansion) loops, pipe supports, field welding, field 
installation of insulation, and also reduces the installation time of the 
thermal transport subsystem. Therefore, although the initial price of the 
flexible metal hose is greater than that for a conventional piping system, the 
installed price is significantly less because of labor cost reductions. 
Flexible hose technology and optimized grid layouts are currently undergoing 
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Figure 4-4. Collector Field Efficiency as a Function of Time at 
Sunner Solstice (transport losses are not included) 


further study. Additionally, JPL studies (Reference 36) indicate that the use 
of labor-saving and cost-reducing techniques such as automated factory proce- 
dures and semi-automated field assembly of pipe networks, can yield low costs 
comparable to those of the flexible pipe approach. 

The performance characteristics of the various thermal transport systems 
were calculated with a computer code developed by JPL (Reference 37). This 
program uses data on the transport fluid, physical properties of the transport 
subsyatem, insulation, and a plant cost estimate to calculate various energy 
transport system configurations for given collector networks. The program 
calculates the optimal transport and insulation configurations by trading off 
the amount of energy lost against the prices of the transport grid and the 
solar power plant. This is based on the assumption that if lOZ of the heat 
collected is lost in the transport system, then the solar plant must be lOZ 
larger to compensate for this loss. The final transport grid and operations 
and maintenance (O&M) costs were obtained by using data from an A&E firm 
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COLLECTOR FIELD EFFICIENCY (%) 



HOURS FROM SOLAR NOON L. SUNSET, SUNRISE 


Figure 4~5. Collector Field Efficiency as a Function of Time at 
Winter Solstice (transport losses are not included) 


and from estimates of flexible hose manufacturers. The collectors were 
assumed to be arranged so that the quantity of required pipes and valves would 
be minimized. 

The PFDR/B and PFDR/S systems generate electricity at their focal point 
and, therefore, utilize electrical transport. This type of transport consists 
of power processing equipment between the generator and the substation field 
busbar. It includes remote control contactors, circuit breakers, engine 
auxiliaries, dish controls, and cable. The efficiency of this subsystem was 
estimated to be 95Z. The electrical transport prices for the dispersed power 
generation systems were developed by a JPL contractor (Reference 38). The 
results of the thermal and electrical transport analysis are shown in Table 
4“’2. The elimination of trenching through the use of above-ground armored 
cables and the use of DC electrical cables to transmit control signals are two 
examples of possible further developments that are currently under 
investigation. 
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Table 4-2. Theraal and Electrical Transport Subsysteuii Paraaeters 


Generic 

Plant 

Type 

Pumping 

Loss 

(X) 

Heat 

Loss 

(kWt/n^)* 

Electrical 

Loss 

(%)*> 

Thermal 

Transport 

Price 

($/m2)« 

Installed 
Electrical 
Transport 
Price (!)/m2) 

PFDR/R 

0.3 

0.048 

- 

30.23 

- 

LFDR-TC 

1.8 

0.051 

- 

49.22 

- 

LFDR-TR 

1.8 

0.051 

- 

28.00 

- 

LCNT 

3.5 

0.084 

- 

42.95 

- 

FMDF 

0.003 

0.093 

- 

8.29 

- 

LFCR 

0.004 

0.023 

- 

0.15 


PFCR 

- 

- 

- 

0.19 

- 

PFDR/B,S 

- 

- 

5.0 

- 

13,24 


‘Values are given in terms of concentrator area, prices in 1978 dollars. 
"Includes line, substation, and miscellaneous parasitic losses. 


As mentioned earlier, the PFCR and LFCR systems use optical transport. 
Since optical transport involves the reflection of light from the concentrator 
to the receiver, only a minimal physical transport subsystem from the elevated 
receiver to the ground is needed. Therefore, a small additional transport 
price was included to the engine /generator price. 


C. ENERGY CONVERSION 

In an attempt to optimize the collector-engine combinations, the large 
variation in collector systems necessitated the consideration of several 
thermodynamic cycles. These included steam-Rankine, organic-Rankine, Stirling, 
and Bray ton cycles. The engine design and price parameters are sumsarized in 
Table 4-3. 


1. Rankine Cycle (Steam) 

The steam-Rankine cycle studied was a typical axial -turbine/ 
generator assembly, which has evolved to a point of almost maximum efficiency. 

It has also been well documented and, therefore, represents a present technology. 
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Table 4-3. Engine Design and Price Parameters^ for 5--, and ICHMWe Systems 
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Note I however, that the aophlaticated feature! of large ateaa-Rankine unite, 

Buch aa feedwater heating and nulti-atage turbine!, are generally not available 
in aicea aaaller than 10 MUe. However, aince there ia no technical barrier 
that preventa this level of aophiatication from being incorporated in aaialler 
engine!, it waa aaauaed that a auiture engine unit incorporating theae feature! 
could be utilized in the 1-, 5-, and 10-MNe plant! evaluated in thia atudy. There 
fore, thia unit waa uaed for the PFDR/R, PFCR, LFCR, and FMDF ayateiaa. Price 
and perfonuince were eatabliahed by evaluating Manufacturer aurveya (Reference 
39). Baaed on data generated by Sandia National Laboratoriea , engine efficien- 
ciea were derived for varioua teMperaturea and plant aizea (Referencea 40 to 
48). Theae are ahown in Figure 4**6. The engine operating and price parametera 
uaed for thia engine are given in Table 4-3. The part-load characteriatica 
are ahown in Figure 4-7. Operation! and maintenance (04N) data for the ateam 
Rankine were alao obtained by JPL from manufacturer aurveya and are given in 
Table 4-4 (Reference 49). 



Figure 4-6. Steam and Organic Rankine Engine Efficiencies 
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Figure A-7. Engine Part-Load Efficiencies 


2. RanKine Cycle (Organic) 

Organ ic-Rankine engines operate on the same thermodynamic cycle as 
steam-Rankine engines. The main difference is the workin;^ fluid, which for the 
organic cycle can include toluene, flourinol, or several fluids in the Freon 
family. Toluene was selected for this study because the other fluids have 
lower maximum operating temperatures. Figure 4-6 shows the engine efficiency 
as a function of plant size and teiq>erature. The part-load characteristics of 
the organic-Rankine cycle were assumed to be the same as those for the steam- 
Rankine cycle shown in Figure 4-7. The systems that use the organic-Rankine 
cycle are the LFDR-TC, LFDR-TR, and LCNT. The operating conditions and prices 
are given in Table 4-3 (References 39 to 48). O&M cost (see Table 4-4) was 
derived from a General Electric study, which investigated organic-Rankine 
engines as pipeline bottoming cycles (Reference 49). 

VIhen the organic-Rankine cycle is used, the machinery price is higher 
than that of the steam cycle because the organic cycle requires an additional 
boiler (vapor generator) in order to exchange heat between the thermal 
transport fluid and the working fluid of the engine. This additional price 
covers the organic-fluid boiler and all associated controls and piping. 



Table 4-4« Engine Maintenance Hosts for 5~MWe Plant Size (1978 Bollara) 
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3. Stirling Cycle 


The Stirling engine eisuaed for thii itudy wee the P-40 aodeli 
which it being developed by United Stirling-Sweden (USS) (Iteierence 50). There 
were two pritwry rentont for telecting thit engine. First) it has a peak 
efficiency at about 25 kWC) which closely Batches the capability of the ll-B 
concentrator dish under investigation by dPl. Second) the P-40 engine and the 
closely related P-75 have re-:*aived aore developaent than any other Stirling 
engine (Reference 50). Oi^^ier less-developed Stirling options include engines 
that have free pistons and/or ceraaic coaponents that are capable of higher 
teoiperatureS) as well as kineaatic engines froa other aanufacturers. However) 
these less developed systeas currently lack sufficient data to be incorporated 
into this study. 

Since the F-40 engine assuaed for this study operates at constant inlet 
and outlet temperatures and constant speed) there is no need to show the effect 
of operating teaperature on engine efficiency in a figure. As the solar flur 
changes, the pressure of the heliua working fluid is changed, thus regulating 
the aaount of po«rer delivered by the engine. Pressure regulation is achieved 
by an engine-mounted coapressor, tank, and servo valve arrangeaent. Because 
of the saall size (about 25 kWe) of the P-40 engine, different plant sizes do 
not affect engine efficiency since identical engines can be added as necessary. 

The perforasnce characteristics were obtained froa USS and are shown in 
Table 4-3 (Reference 50). The part^load characteristics are shown in Figure 
4-7 (Reference 38). The aass-proiViction cost of the Stirling engine resulted 
froa a cooperative study conducted by JPL and USS. Market price estiaates of 
the Stirling engine are not currently available because it is not yet coaaer- 
cially aass-p reduced. In order to obtain an estisiate of the future aarket 
price for such iteas, a aethodology known as the Interia Price Estimation 
Guidelines (IPEG) was created by JPL (Reference 51). . It utilizes the cost of 
purchasing manufacturing equipment, production levels, the plant size needed 
to produce equipment, labor cost, material cost, supply cost, operating energy 
expense, indirect expense, and overhead expense to calculate a manufacturer 
price. IPEG was exercised for both the Stirling and Brayton engines based on 
the economic assumptions given in Section I. These results are shown in Table 
4-3 and are presented as a function of annual production level in Figure 4-8. 
Alternator price data were obtained froa industrial alternator suppliers 
(Reference 52) and are presented as a function of volume in Figure 4-9. Main- 
tenance costs for the Stirling engine were derived froa inforoiation supplied 
by USS) Ford Aerospace and CoanMinications Corporation, and JPL (see Table 4-4 
and References 38, 50). 


4. Brayton Cycle 

Open-cycle, closed-cycle, supra-atmospheric, and sub-atmospheric 
Brayton engines were among the several configurations evaluated. For several 
reasons the sub-ataospheric engine, which was developed by Garrett AiResearch 
Manufacturing Company for the Gas Research Institute and DOE for space- 
conditioning applications, was chosen for this study (Reference 53). First, 
the sub-ataospheric engine operates with a non-pressurized receiver, while the 
supra-ataospheric engine requires a pressurized receiver. Since a pressure 
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ENGINE PRICE ($) 



ANNUAL PRODUCTION RATE 

Figure 4-8. Stirling and Brayton Engine Prices versus Annual Production 
Rate (1978 Dollars) 


drop through the receiver adversely affects overall engine efficiency, and 
since the pressure drop through the non-pressurized receiver was significantly 
lower, the sub -atmospheric engine in combination with the non-pressurized 
receiver was determined to be a more cost-effective choice. Second, a study 
conducted for JPL by Sanders Associates indicated that non-pressurized 
receiver designs cost about SOX less than a pressurized design (Reference 
27). Other factors, which also contributed to this decision, were lower 
maintenance and possible market synergism between heat pump and solar uses. 

JPL is also investigating other advanced-Brayton engines such as engines with 
ceratuic cosqionents, closed-cycle engines, automotive gas turbines, and engines 
that operate with working fluids other than air. 

The selected Brayton cycle does not contain various components usually 
associated with large, industrial gas turbines. Fuel, fuel lines, filters. 
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ANNUAL PRODUCTION RATE 


Figure 4-9. Stirling Alternator Price as a Function 
of Annual Production Rate (1978 Dollars) 


punps, governors, coid}ustion cans, ignition system, and associated maintenance 
are not necessary for a solar engine. Furthermore, the solar design uses gas 
bearings that eliminate the need for an oil lubrication system. The use of 
these bearings is consistent with their implementation by the aircraft industry. 
Therefore, the costs and maint nance of the Bray ton cycle were reduced from 
those of large, industrial gas turbines. 

The final major difference between the solar Brayton and existing indus- 
trial turbines relates to the time between major engine overhauls. The type 
of fuel burned can have a significant impact on this interval. For instance, 
engines that have large time increments between overhauls (70,000 to 80,000 
hours) bum clean fuels, such as natural gas. This fuel minimizes the occur- 
rence of warping, liquid slugs, blade erosion, and corrosion. Since the solar 
Brayton bums heated gas (currently air) and operates most of the time at part- 
load and constant turbine inlet temperature, it therefore has low cyclic stress 
levels. It was assumed that the time between major engine overhauls would be 
greater than the life of the solar plant. 

The price and performance characteristics of this engine were developed 
by a method similar to that used for the Stirling engine. These data are shown 
in Table 4-3 and Figure 4-7. The alternator price is the same as that for the 
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Stirling engine (see Figure 4-9) • As was the «iase with the Stirling engine, 
there was only one design-point operating temperature for the Brayton, and the 
plant size did not affect engine efficiency. JPL, in conjunction with Garrett 
AiResearch Corporation, determined the engine mass-production cost (Reference 
54). As discussed earlier, the Brayton engine price was estimated by applying 
the IPEG methodology. The O&M cost for the solar-Brayton engine (see Table 
4-4) was developed with inforsMtion from manufacturers, such as General 
Electric Company and Garrett AiResearch Corporation, and was appropriately 
adjusted (References 55, 56, 57, 58). 


5. Advanced Engine Concepts 

JPL, in conjunction with LeRC, is also currently investigating 
advanced (early 1990s) engine designs, which can achieve higher efficiencies 
or lower levels of maintenance than mature technologies through component 
improvements and/or higher temperature operation. These investigations include 
the development of an advanced, low-maintenance Stirling engine as well as 
adaptation of an advanced automotive gas-turbine (Brayton) engine for high- 
temperature solar use. Table 4-5 lists the price and performance goals for 
these engines as described in the advanced solar engine plan of JPL and LeRC 
(Reference 59) . 

If these advanced engines become commercially available, the plants that 
use them should obtain favorable performance relative to the plants that do not 
use them. Even though the data exist in ite'x'ms of goals, an attempt was made to 
survey the potential improvement that could be achieved by implementing these 
engines. The results of this analysis are shown in Section V.D - Sensitivity 
Analysis . 


Table 4-5. Advanced Engine Price and Performance Goals 
(1978 Dollars) 


Engine 

Brayton 

Stirling 

Nominal Engine Size (kWe) 

30 

30 

Inlet Temperature (°C) 

1100 

815 

Engine/Gene ta tor 
Efficiency (%) 

40 

40 

Engine /Genera tor Price 
($/engine) 

5400 

5400 

Annual Maintenance 
($/kWeh) 

0.001 

O.OOl 
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D. STORAGE 

When Btorage is isqileowntedi the distributed engine systesis (PFDR/B and 
PFDR/S) use electrical storage^ while the central engine systens (all others) 
use thersMl storage. Even though electrical storage is less efficient and more 
costly than thermal storage, electrical storage was assumed for the distributed 
engine system because of the various piping complexities of thermal storage. 
Also, thermal storage is generally too heavy to be feasible for focal~point 
mounting. Therefore, its use is associated with the transport of heat from the 
focal point to the ground. 

Many types of electrical storage systems are presently under development. 
Because of cost trade-offs, system efficiencies, and expected lifetimes, redox 
storage was chosen instead of battery storage. The redox storage subsystem 
chosen was based on designs of LeRC and associated DOE cost goals (Reference 
60). Lead-acid battery storage was also examined in a sensitivity analysis 
(see Section V.D). 

Based on the teoiperature range of operation, the thermal storage mediums 
assumed were Hitec, Syltherm 800, and Caloria HT43. Table 4-6 shows the 
various plants and the storage subsystems that were examined. The pricing of 
the thermal-energy storage subsystems was achieved by reviewing a survey con- 
ducted by General Electric Co.-Tempo Division (Reference 61). Additionally, 
the prices of the storage tank systems, storage materials, and installation 
were based on a McDonnell Douglas Astronautics Company report (Reference 22). 

In addition to storage tanks, the thermal and redox energy storage 
systems also consist of piping and miscellaneous related equipment. A previous 
study conducted for JPL stated that the pipe-grid maintenance costs would 
amount to approximately 1.7% of the pipe system capital cost (Reference 33). 
Because of the additional presence of pumps and controls, this factor was 
raised to 1.9% for all the thermal and redox storage systems. This 1.9% figure 
was also used for the lead-acid battery storage systems, which do not have 
tanks, piping, or pumps. However, it was assumed that the lead-acid battery's 
fans, ducting, and controls would have the same price. 

It was found that Hitec, Syltherm, and the redox medium, as used in this 
study, would be stable for a long period and that no replacement would be 
necessary, while Caloria would require 9% of its fluid to be replaced annually 
(Reference 62). This was accounted for in the maintenance cost. 


E. BALANCE OF PLANT 

The balance-of -plant system includes those items which were not covered 
previously. These include controls and cables, land cost, site preparation, 
temporary facilities, substations, control buildings, fees, shipping costs, and 
spare parts. 
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Controls 


The control subsystea includes those devices necessary to regulate 
the total systeBf such as input-output devices, interconnectinf cables, and 
•icroprocessors. This involves two aain cos^ionents, A supervisory systea 
aonitors the various aicroprocessors throughout the collector field, while the 
aicroprocessors control the various collectors, engines, and valves. The price 
data originated froa work conducted by JPL contractors and froa aicroprocessor 
aanufacturers (References 38, 63, 64, 65, 66). 

Since the aost complex control subsysteas were required by the dish- 
mounted engine plants (PFDR/B, PFDR/S), they were analysed first and then the 
prices were related to all other systeas as applicable. Two-axis tracking 
systems without dish-mounted engines (PFDR/R, PFCR) were assumed to use less 
powerful microprocessors and smaller input-output devices. Also, because of 
large concentrator areas, one-axis tracking systea controls were assumed to be 
more cost efficient than two-axis tracking system controls. Fixed-concentrator 
systems were a^isumed to have limited controls. Table 4-7 presents the control 
prices assumed. 


Table 4-7. Balance-of-Plant Prices — Controls/Cables and Site 
Preparation (1978 Dollars) 



Controls/Cables 

($/m2)a 

site Preparation 
($/acre)b 

PFDR/B 

15.0 

14,200 

PFDR/S 

15.0 

14,200 

PFDR/R 

8.6 

14,200 

PFCR 

8.6 

14,200 

FMDF 

0 

24,700 

LFCR 

3.9 

17,800 

LFDR-TC 

3.9 

17,800 

LFDR-TR 

3.9 

17,800 

LCNT 

0 

24,700 

*$/m2 of concentrator 
^$/acre of land area 

area 
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The O&M £actot for the control subsyitea for all planta vaa aaauaed to 
be 1.9X of the installed subsystea price. This value was based on a study of 
theraal transport and the assuaption that the control systea would require aore 
equipaent, but less labor. 


2. band and Site Preparation 

The cost of land was one of the basic study assuaptions ($5,000 per 
acre) . The cost of site preparation was based on the experience of the 
Shenandoah Solar Total Energy - Large Scale Experiaent Project and a study by 
the Burns and McDonnell Coapany (References 14, 67). In deriving this cost, 
items such as long access roads, major ground shaving, and tree removal were 
omitted in order to reflect site preparation prices associated with a produc- 
tion level plant in favorable locations. One-axis tracking and non-tracking 
systems require flat sites along the axis of rotation, while two-axis tracking 
systems are not as sensitive to terrain irregularities. Therefore, grading 
prices were adjusted accordingly (see Table 4-7). 


3. Substation 

The substation consists primarily of switchboards, transforsKrs, 
and disconnect switching along with various other components such as gravel, 
lightning arrestors, and meters. Its physical makeup and price were estimated 
by JPL (Reference 68). The price estimates of three substations rated at 1, 

5, and 10 MWe are shown in Table 4-8. 


4. Hi^cellaneous 

The miscellaneous balance-of-plant prices are those associated with 
control buildings, fees, shipping costs, spare parts, temporary facilities, 
operations crew, and building and ground maintenance costs. All these prices 
are presented in Table 4-8. 

Buildings that may be required for the power conversion machinery or 
storage are included in the hardware prices for the appropriate subsystems. 
Also, outside storage buildings for spare parts would be utilized whenever 
possible. 

There are two engineering and construction fees that are associated with 
the plant: an architectural and engineering (A&E) fee, and a construction 
management fee. Primarily, the A6E firm designs the plant, develops the con- 
struction drawings, prepares and obtains the necessary reports and permits, 
coordinates the logistics, purchases the cotaponent parts, and assists in the 
startup of the plant. This A&E fee is typically lOX of the installed capital 
cost. Generally, this percentage will decrease for larger jobs and will 
increase for smaller jobs. Kowever, lOX was used for all plants in this 


Table 4**8. Balance-of-Plant Prices ■*- Substation and 
Miscellaneous (1978 Dollars) 


AAB Fees ($) 

Construction Management Fees ($) 
Shipping Fees ($) 

Spare Parts <$) 

lOZ of Installed Capital 
lOZ of Installed Capital 
l.SZ of Equipsient Price 
SZ of Equipment Price 

Cost 

Cost 



Plant Size 



1 MWe 

5 MWe 

id MWe 

Temporary Facilities 

$120,000 

$120,000 

$120,000 

Substation 

$ 69,000 

$345,000 

$690,000 

Control Building 

$ 64,000 

$ 64,000 

$ 64,000 

Operations Crew (all except LCNT) 

$ 4,000/yr 

$ 8,000/yr 

$ 8,000/yr 

Operations Crew (LCNT) 

$ 9,600/yr 

$ 19,200/yr 

$ 19,200/yr 

Building and Ground Maintenance 

$ 10,400/yr 

$ 20,800/yr 

$ 20,800/yr 


study. Once the background work from the A&E firm is complete ^ a construction 
management firm takes delivery of the material, assembles it, and provides the 
necessary manpower, skills, and equipment. The construction management fee of 
this firm is typically lOX of the installed capital cost. 


a. Shipping Costs . One hidden cost for all equipment is 
incurred for shipping the equipment from the manufacturer's plant to the site 
where it will be utilized. Research was conducted with the aid of Sandia 
National Laboratories and indicated that shipping costs are generally l.SX of 
the equipment price. 


b. Spare Parts . In ft commercial plant, a quantity of spare 
parts must be on hand in ord’";? !:• luaintain the plant with minimum loss of 
energy production. A pienorul.ly «cupfced rule of 5% of the equipment price was 
used to obtain the sp its • V -rice. 
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c. Temporayy Facilitiea . During the construction phase, 
temporary facilities will be required to house records and plans, construction 
office, and some sensitive construction equipment. Items that fall into this 
category include: 

(1) Contractor's office 

(2) Architect's office 

(3) Electric and water services 

(4) Heating and cooling services 

(5) Janitorial services 

(6) Lavatories 

(7) Signs 

(8) Tool sheds 

(9) Security 

(10) Fences, walks, barricades 

(11) First-aid equipment 

(12) Dust and noise controls 

(13) Comnunication equipment 

The estimated price for these items was $120,000. 


d. Operations Crew Cost . It was assumed that the solar power 
plants will be remotely monitored from a single dispatcher site. This arrange- 
ment is similar to currently utilized methods of controlling substations from 
a central site. 

It was assumed for 5- and 10-MWe plants that one dispatcher could monitor 
and control five plants (10 plants for 1 MWe). Therefore, the yearly cost of 
a dispatcher, which was assumed to be $40,000 per year, was $8,000 per plant 
($4,000 per 1-MWe plant). 

These values were used for systems except for the LCNT, which 
requires monthly collector adjustments. For 5- and 10-MWe plants, it was 
assumed that two men, each adjusting one collector every two minutes, would 
require 80 hours per workmonth to adjust the field. The rate for this type of 
skill was calculated at $10 per hour or $19,200 annually. This value was 
reduced by 50% for 1-MWe plants. 


e. Building Maintenance Costs . Housekeeping costs will be 
incurred for all plants. Building maintenance services, such as janitorial, 
maintenance, and grounds keeping, will be required along with supplies, such 
as paints and fencing materials. This was estimated by assuming the cost of 
one man, full time, at $10 per hour. The resulting cost of $20,800 annually 
was assumed to cover all of the above services and supplies for all plants. 
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SECTION V 


POWER PLANT COST^ AND PERFORMANCE RESULTS 


A. IirrRODUCTION 

This section presents the results of the cost end perfonsance analysis 
for the various generic power plants as detensined by the SES II conputer pro- 
graa. The first results given are the total subsystea costs and annu al average 
efficiencies for each plant. These results are followed by the BBEC results 
of the sinulation analysis. Also presented is a total plant cost breakdown of 
capital » insurance, taxes, and O&M. The results of a sensitivity analysis are 
also provided. This analysis evaluates the impact of changes in the input 
assumptions having the greatest projected uncertainties. 


B. SUBSYSTEM COST AND PERFORMANCE RESULTS 

The component and subsystem cost and performance values determined in 
Section IV were used as inputs to the SES II model in order to calculate 
overall system performance and energy costs. The average hourly efficiencies 
of the collector, power conversion unit, and overall power plant as analyzed 
by SES II are given in Table 5-1. These results are for 5-MWe power plants 
with no storage. In accordance with Section IV, the point -focusing systems 
that utilize cavity receivers have the highest collector efficiencies (74Z for 
the PFDR/S and PFDR/B). The PFDR/R is slightly lower (72Z) because of thermal 
transport losses. 

The average annual power conversion efficiencies include losses incurred 
by the engine, alternator, and electrical transport subsystems. The effects 
of part-load engine efficiency, plant dispatching methodology, and ambient tem- 
perature are included in the average annual efficiency. 

The Stirling engine system, PFDR/S, which has the highest design-point 
engine efficiency, also has the highest annual average power conversion effi- 
ciency (36%). The power conversion efficiency is also high (26 to 29%) for the 
Bray ton and steam-Rankine systems (PFDR/B, PFCR, PFDR/R, FMDF, and LFCR). 

The overall average plant efficiency is defined as the annual energy 
delivered to the busbar divided by the quantity of energy received by the con- 
centrator. Therefore, the overall plant efficiency is the product of the col- 
lector and power conversion efficiencies. The PFDR/S, which has the highest 
collector and power conversion efficiencies, also has the best overall plant 
efficiency (26%). The other point-focusing systems (PFDR/B, PFDR/R, and PFDR) 
also have high plant efficiencies, which range from 17 to 21%. 


^In this section, cost refers to the market price paid by the utility. 
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Table 5-1. Annual Average Plant Efficiencies for 5-MWe 
Plants With No Storage (X) 


System 

Collector^ 

Power 

Conversion 

Overall 

Plant 

PFDR/S 

74 

36 

26 

PFDR/B 

74 

28 

21 

PFDR/R 

72 

29 

21 

PFCR 

59 

29 

17 

FMDF . 

43 

27 

12 

LFDR-TC 

43 

23 

10 

LFCR 

36 

26 

9 

LFDR-TR 

28 

21 

6 

LCNT 

26 

21 

5 

•includes 

thermal transport losses where applicable. 



The subsystem total capital cost (plant construction cost) for each 
generic plant at the 5-MWe sizey as well as the optimal (lowest energy cost) 
no-storage concentrator areay are presented in Table 5-2. The balance-of- 
plant costs include such items as spare parts y construction management feesy 
A&E feesy teisporary facilitiesy land y shipping y site preparationy 
installationy checkout , and substations. The values on Table 5-2 do not 
include the effects of inflationy annual O&M costs, or engine overhaul costs. 

The optimal no-storage concentrator area is determined by the overall 
plant efficiency and dispatching strategy. The dispatching strategies assumed 
were equivalent for all systems. Each plant delivers power equal to or less 
than its rating whenever insolation is available. Therefore, plants with 
higher efficiencies require smaller concentrator areas to produce equivalent 
quantities of energy. Since the concentrator is a major cost driver, the 
point-focusing systems have the lowest subsystem total costs. The lowest cost 
system, PFDR/S ($5.26 M), is also the system that has the highest efficiency. 


C. PERFORMANCE RESULTS 

Figure 5-1 presents the results of the performance and BBEC analysis for 
all power plants at the 5-MWe size. The costs shown at the varying capacity 
factors represent the optimal, least expensive config uratio ns of concentrator 
areas and storage capacities for each generic plant, BBEC values are 
expressed in 1978 dollars. The dashed line on the left side of each curve 
represents configurations that have no storage. An abrupt change in the slope 
of the curves occurs once storage is added. This happens because there is 
only one optimal no-storag e case for each system (at the lowest point on the 
dashed curve) and once the BBEC curve slope begins to increase rapidly, the 
addition of storage mitigates the rise. 


The two-axis tracking systems have the lowest BBECs. The point-focusing 
systems vary from 89 mills/kWeh at a capacity factor of 0.31 to 130 mills/kWeh 





Figure 5-1. Energy Cost as a Function of Capacity Factor 
for 5-MWe Power Plants (1978 Dollars) 


at a 0.75 capacity factor. Meanwhile, the single-axis tracking or non-tracking 
systeas vary from 163 mills/kWeh at a 0.68 capacity factor for the ILFCR system 
to 289 mills/kWeh at a capacity factor of 0.75 for the LCNT system. The 
distributed engine PFDR/B is the best overall performer at 89 mills/kWeh with 
no storage at the 0.31 capacity factor, 106 mills/kWeh at the 0.4 capacity 
factor, and 114 mills/kWeh at the 0.70 capacity factor. The second best 
performer with no storage is the distributed engine PFDR/S at 98 mills/kUeh. 

The second best performer with storage and the overall best central engine 
system is the PFDR/R (114 mills/kWeh at 0.40 and 0.70 capacity factors). 

One result of particular note is that of the PFDR/S system. Even though 
the capital cost for this system was the lowest (see Table 5-1) and its system 
efficiency was the highest (see Table 5-2), the PFDR/S still drop s to s econd, 
third, or fourth place (depending on capacity factor) in terms of BBEC. This 
is primarily the result of the Stirling engine's higher overhaul costs relative 
to the other systems. 

It does not appear that the addition of storage significantly impacts the 
relative cost and performance ranking, although it should be noted that the 
slopes of the cost curves for the electrical storage systems (PFDR/S and 


5-4 




PFIMR/B) increase slightly when cosg>are4 with those sy stews that utilise high- 
tcwperatuxe themal storage# This is due to the higher cost and lower effi** 
ciency o r^leetrical storage. Also^ therisal storage allows the engines to 
operate at design-*point ratings for longer periods of tiwe. Therefore^ the 
better perforsuLng sycteM (PFDR/B and PPDR/S)^ which utilise electrical storage, 
do not have as siuch of a cost advantage at higher capacity factors. 

The LFDR-TC system also has a positive increasing slope, even though it 
ei^loys thermal storage, because its storage medium is Calorie, which is rela- 
tively expensive. The LCNT, LFDR-TR, and LFCR systems have curves with nega- 
tive initial slopes. This is due to the fact that as capacity factor increases, 
tl^ engines are used more effectively while engine price becomes a lower por- 
tion of total life-cycle costs. Furthermore, the addition of relatively inex- 
pensive storage to achieve higher capacity factors does not outweigh this 
impact. The three curves of the LCNT, LFDR-TR, and LFCR systems reach a 
minimum energy cost when the continued ad ditio n of storage no longer results 
in large performance improvements. (All DBEC values begin to increase rapidly 
when storage time extends beyond 16 hours, since on most days a sunrise would 
occur before all storage was utilised. Therefore, the cost of excess capacity 
is incurred, while the extra generation capability cannot often be utilized.) 

The lowest-cost, no-storage case for each system in Figure 5-1 is dis- 
played in bar-ehart form in Figure 5-2. This case is important for two primary 
reasons. First, the application of solar power to a utility network, where all 
of the energy produced would be supplied to a grid, may reduce the need for 
storage. Second, because of the nature of energy load demand, most peaking- 
and interoiediate-load power plants operate at aenual capacity factors of 0.50 
or less (Reference 69). The capacity factors at no storage vary between 0.20 
and 0.32. Therefore, storage may not play an important role if p lants are 
operated at relatively low espacity factors. The no-storage BBEC vari es fro m 
89 to IA5 mills/kWeh for the two-axis tracking plants. The no-storage BBEC of 
the one-axis tracking and non-tracking systems are higher and vary from 171 to 
275 mills/kWeh. 

Figure 5-2 also shows the cost distribution for the various plants. The 
capital charges (which include the concentrator, the receiver, the power 
conversion unit, energy transport, balance of p lant, and engine overhaul 
costs) accor^nt for 43 to 46% of the total BBEC that would be charged to con- 
sumers. The remainder consists of income taxes and insurance (40 to 4 4%) a nd 
O&N (10 to 17%). These percentages are based on the assumption that BBEC has 
the same component breakdown as the present value of life-cycle cost. It was 
also assumed that the capital charges are adjusted for the tax effects of 
depreciation. 

As can be seen in Figure 5-2, the engine overhaul cost component of the 
PFDR/S system (lO mills/kWeh), as opposed to the low overhaul cost of the 
PFDR/B system (2 mills/kWeh), moves the PFDR/S system up to the second lowest 
cost position. This difference is accentuated by the fact that income taxes 
and Insurance cost are proportional to capital costs plus overhaul. The pFDR/B 
system also has low power conversion costs, which improve its standing relative 
to the other systenu. 
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The LFCR, LFDR-TR| and LCNT systems have the highest collector costs, 
since their inefficient collector fields require large concentrator areas. 

These large areas also cause a high balance-of-plant component for these 
systems. The FMDF system has a higher receiver cost component than any other 
sy8‘;em because of its expensive support structure. The LCNT, LFDR-TC, and 
LFDR-TR systems have expensive energy transport sy.-ems. This is more evident 
with the LCNT system, which appears to be competitive with the LFCR and LFDR-TR 
when only the concentrator, receiver, and power conversion units are considered^ 
However, the LCNT's very large piping system drives the transport cost to 24 
mills/kWeh. Furthermore, it must be remembered that income taxes and insurance 
.cost are directly proportional to total capital cost. This factor accentuates 
any capital cost differential between the systems. Finally, the costs of the 
different plants shown on Figure 5-2 represent varying capacity factors. This 
i is due to the differing performance and physical characteristics of the various 

plants. However, higher no-storage capacity factors (about 0.30) were gener- 
ally associated with lower energy costs. Costs based on equivalent capacity 
, factors can be achieved by the introduction of storage (See Figure 5-1), 
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Figure 5-3 shows the energy cost curves for the better perf orsiing systems 
Kith storsge at a plant size of 1 MHe. It can be seen that BBEC has increased 
witeii compared with the 5-MWe caset There are two reasons for this: <l) fixed- 

cost items such as the operations crewf building and ground lasintenance » and 
temporary facilities make up a higher proportion of total costs » while the 
energy generated is lower than that for the 5-MWe case; and (2) the systems 
requiring large central Rankins engines (FMDF, PFCR, and PFDR/R) use smaller, 
less-efficient engines to generate 1 MWe. On the other hand, the distributed 
engine systems (PFDR/B and PFDR/S) use fewer engines of the sasie size and 
efficiency for generating I MWe. Therefore, the distributed systems ave 
slightly more favorable in the 1-MHe case when compared with the central engine 
systems. The PFDR/B is the lowest-cost system at 1 MWe (114 mills/kWeh at the 
0.4 capacity factor, and 118 mills/kWeh at the 0.7 capacity factor). 

The energy cost curves for the lowest cost central and distributed power 
generation plants (^FDR/R and PFDR/2>) are shown in Figure 5-4 at the lO-MWe 
size. At this size the B BECs o f the two systems are very close. The PFDR/R 
system now has the lowest BBEC at capacity factors between 0.5 and 0.7 (108 to 
112 mills/kWeh). The PFDR/B is still the lowest cost system at the 0.4 
capacity factor (104 mills/kUeh). 

When going from I to 5 MWe, the BBEC of the PFDR/R system decreases by 7 
to 9X; whereas, in moving from 5 to 10 MWe, the improvement varies between 2 
and 5% (see Figure 5-5a). With respect to the PFDR/B system, the two decreases 
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are 3 to 7% and 0 to 2 % (see Figure 5-5b). The main reason for the improvement 
in BBEC as size increases from 5 to 10 MWe is that the plant-generated output 
increases while some costs remain fixed or level off. However, the incremental 
improvements in energy cost are not as great as when the plant size increases 
from 1 to 5 MWe because the larger concentrator area now necessitated by the 
10-MWe size has several associated costs that begin to outweigh the effects of 
the fixed costs. Also, the larger plants have a longer construction period, 
which tends to in crease BBEC because of inflation impacts. The leveling off 
of improvement in BBEC as power generation size increases has a more marked 
impact on distributed engine systems than on central generation plants. The 
reason for this is the converse of the engine efficiency change described 
earlier for the 1-MWe case where decreased plant size adversely impacts centra'' 
engine 'plants as compared to distributed engine plants. As plant size 
increases, the central generation plants use larger, more efficient engines 
while the distributed systems use more engines of the same size and efficiency 
as in the 1- end 5-MWe scenarios. 
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Figure 5-5. Effects of Power Plant Size on Energy Costs (1978 Dollars) 








D. SENSITIVITY ANALYSIS 

Kt indicuCed earlier in Section IV^ at the present early stage in solar 
thensal power technology development^ uncertainty exists regarding projected 
costs and performance of the various subeystems. This study was based on the 
best information available in conjunction with assumptions made for each plant 
relative to potential cost and performance improvements. However, some 
baseline input values have a higher degree of uncertainty than others. For 
example, with respect to engines, increased research and development could 
result in lower costs and higher efficiencies. On the other hand, projected 
cost and efficiency improvements, which are speculative, may not materialize i 
There- fore, major assumptions that may have a potentially high variance from 
the baseline input values were tested for their impacts on plant performance 
and energy costs. 

The following sensitivity analyses include changes in engine efficiencies, 
increased engine overhaul intervals, advanced engine designs, various component 
production levels, lower transport costs, electrical storage batteries, and 
varying financial assumptions. All sensitivities are based on a plant size of 
5 NWe. Evaluation of the sensitivity results makes it possible to determine 
which changes have the greatest impact on costs and performance. 


1. Engine Efficiencies 

The engine efficiencies for the baseline generic systems evaluated 
in the study represent a mature state of development. To ascertain the impact 
on energy generation costs for efficiencies different from the baseline 
scenario, a sensitivity analysis was performed. Stirling, Brayton, and Rankine 
engines, which have developed to a production state but have not achieved the 
expected mature baseline efficiencies, were analyzed for three of the lower 
cost systems (PFDR/S, PFDR/B, and PFDR/R). Table 5-3 shows the design-point 
engine efficiencies for the baseline (mature) and lower efficiency (present) 
scenarios. The present efficiencies for the Stirling and Brayton engines were 
based on communications with USS and Garrett AiResearch of California (Refer- 
ences 70, 71)^ It was assumed that all other engine performance and cost data 
were the same for the present as in the mature baseline cases. Figure 5-6 
presents the results of this analysis at various capacity factors for both the 


Table 5-3. Design-Point Engine Efficiencies for Mature and Present Scenarios 


Engine 

System 

Present Scenario 
Engine Efficiency (X) 

Mature Baseline Scenario 
Engine Efficiency (X) 

Stirling 

PFDR/S 

38 

42 

Brayton 

PFDR/B 

32 

35 

Steam 




Rankine 

PFDR/R 

32 

35 
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Figure 5-6. Sensitivity of Energy Cost to Engine Efficiency 
Changes — Present versus Baseline Designs 
(1978 Dollars) 


present and mature systems. For each percentage-point decrease in engin e 
efficiency, there i s app roximately a 2 to 3 mills/kWeh increase in BBEC. The 
total increases in BBEC as a result of failing to obtain the desired, mature 
efficiences is about 7 to 10%. These systems would, therefore, still be 
competitive with the other concepts even if the mature engine effic iences are 
not reached. Note that the present PFDR/B system has a lower BBEC than the 
mature PFDR/S system. 

An increase in engine efficiency by operating at temperatures above those 
projected for t he ba seline case would most likely produce a smaller magnitude 
inq>rovement in BBEC than 2 to 3 mills/kWeh per percentage point. This would 
be due to higher temperature operation of the receiver, which would reduce 
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collector efficiency. An advanced engine design, which includes a higher 
efficiency than the mature case, as well as several other changes, is discussed 
later in Section V.D.3. 


2. Engine Overhauls 

Since engine overhauls were a major cost driver for the FFDR/S 
mature baseline scenario (see Figure 5-2), it was decided to examine the 
effects of an improved overhaul scenario separately while retaining the 
remainder of the baseline assumptions. The time between major overhauls for 
the Stirling engine was increased from 15,000 to 50,000 hours. This is the 
level of improvement that may be attainable from an advanced Stirling design. 
The PFDR/R system was also added to this analysis. Its average time between 
overhauls was also extended from 35,000 to 50,000 hours. There is no engine 
overhaul sensitivity for the Brayton engine since the mature baseline case 
requires no major overhauls. The resulting energy costs for the low overhaul 
systems were then compared with the mature baseline PFDR/S and PFDR/R systems 
(see Figure 5-7). It can be seen that the PFDR/S cost improves considerably 
while the PFDR/R cost shows only a slight gain when compared with their 
respective mature baseline cases (13% improvement for the PFDR/S versus 3% for 
the PFDR/R). The low overhaul PFDR/S system costs slightly less than the 
mature baseline PFDR/B system at most capacity factors. At high capacity 
factors (greater than 0.52), the low overhaul PFDR/R system is also less costly 
than the PFDR/B system because of comparatively lower thermal storage costs, as 
opposed to higher electrical storage costs of the baseline PFDR/B system. 


3. Advanced Designs 

As discussed in Section IV.C.5, advanced (early 1990s) Brayton and 
Stirling engines are currently under investigation by JPL in conjunction with 
LeRC. These designs can achieve higher efficiencies and/or lower levels of 
maintenance than the baseline technologies through component improvements 
and/or higher tenperature operation. Therefore, these advanced designs enhance 
those sensitivities discussed earlier since they incorporate both engine effi- 
ciency and overhaul changes. For the case of the advanced PFDR/B, the design- 
point engine efficiency is projected to increase from 35 to 42.5% as a result 
of utilizing a high-temperature receiver and engine (1100°C at the engine 
inlet) . Although this power conversion unit is projected to cost more than the 
baseline case ($18Q/kWe versus $137 /kWe), its maintenance cost was reduced by 
using self '‘Cleaning filters and an integral starter/generator unit. 

With respect to the advanced PFDR/S system, this engine will be 
redesigned to include advanced components so that maintenance reductions can 
be incorporated. Engine /generator cost is $180 /kWe in the advanced scenario 
versus $205/kWe in the baseline case. The maintenance cost is reduced to the 
same level as that of the advanced PFDR/B system. The performance and inlet 
temperatures for the advanced PFDR/S engine are the same as in the baseline 
scenario. 
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Figure 5-7. Sensitivity of Energy Cost to Engine Overhaul Improvements 
(1978 Dollars) 


The results of the advanced des ign analysis are shown in Figure 5-8o The 
advanced PFDR/B engine now has a BBEC that varies between 82 and 109 mi lls/kW eh ,, 
while the advanced PFDR/S engine varies from 76 to 101 mills/kWeh. The BBEC of 
the PFDR/B system has improved by 6 to 8%, while the PFDR/S system has 
improved by 20 to 22Z when compare d wi th the mature baseline systems. With 
respect to the PFDR/S system, the BBEC was lowered in the earlier overhaul 
sensitivity case by 13Z only because of reductions in major overhaul costs (see 
Figure 5-7). Therefore, eliminating all overhauls, greatly reducing regular 
maintenance, and slightly raising engine cost add another 7 to 9Z to the cost 
reduction. 

Figure 5-9 compares the no^^storage case of the two advanced systems with 
their baseline counterparts. The co&t distributions for both advanced systems 
are fairly similar to the mature baseline cases. The major differences from 
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Figure 5-8. Sensitivity of Energy Cost to Engine Efficiency Ghanges— 
Advanced Engine Designs (1978 Dollars) 


the mature baseline scenarios are the elimination of the engine overhaul com- 
ponent from the Stirling engine and the lowering of O&H and overhaul costs in 
the case of the Brayton system. Since income taxes and insurance cost are 
functions of total capital cost and overhauls are treated as a capital cost 
item^ reductions in overhauls result in associated cost reductions in income 
taxes and insurance. This sensitivity analysis shows that a low-cost solar 
thermal electrical energy system can be obtained by following one of two 
routes: either the Brayton engine can be improved to operate at a higher 

efficiency, higher temperature, and lower maintenance levels; or the Stirling 
engine can be developed to the point where its engine overhaul and maintenance 
components are greatly reduced or eliminated. 
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Figure 5-9. Cost Distribution for Optimal No-Storage 5-MWe Power 
Plants — Baseline and Advanced PFDR/B and PFDR/S 
Systems (1978 Dollars) 


4. Production Levels 

The previous results were based upon production levels of 25,000 
units annually. From among those systems found to have the greatest potential 
for providing low-cost energy, the no-storage case for the baseline PFDR/B and 
PFDR/S designs were evaluated for other production levels to determine the 
impact of economies of scale on energy costs. At different production levels, 
the concentrator, receiver, and engine/generator costs will vary as sh own in 
Figures 4-2, 4-3, 4-8, and 4-9. Figure 5-10 shows the resultant BBEC for 
production levels varying from 1,000 units annually, which is akin to large 
farm machinery production levels, up to an automotive-type production level of 
400,000 units annually. It appears that the PFDR/S system becomes competitive 
with the PFDR/B system at approximately the 50,000 level and, in fact, costs 
slightly less at the highest production levels. The PFDR/B system ranges from 
a high of 138 mills/kWeh at 1,000 units annually to a low of 78 mills/kWeh at 
400,000 units. (The PFDR/S system reaches 76 mills/kWeh &'t 400,000 units.) 
Thus, it is apparent that very high annual production rates can bring about the 
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Figure 5-10. Sensitivity of PFDR/B and PFDR/S Energy Costs With 
No Storage to Production Level (1978 Dollars) 


same improvement in BBEC as the implementation of advanced engine designs, 
table 5-4 summarizes the sensitivity of the energy cost for the baseline PFDR/S 
and PFDR/B sys tems to changes in their major component costs. It appears that 
a decrease in BBEC is more closely dependent upon reductions in concentrator 
costs than upon reductions in the other components. Additionally, differences 
between the two systems seem to be directly dependent on engine/generator 
costs. 


5 . Transport Cost 

Thermal transport coat is another item that has the potential for 
better than projected cost reductions. Based on current investigations, it is 
estimated that transport costs could be reduced by as much as one-third as a 
result of further optimization activities and advanced fabrication techniques. 
The best performing system which utilized thermal transport was the PFDR/R. 

Its transport cost was reduced from $30/m^ to $20/m^, and then compared with 
the baseline PFDR/B (see Figure 5-11). It appears that the transport cost 
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Table 5^-4 * Major Component Costs and B£EC for Varying Production Levels (1978 Dollars) 
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Figure 5-11. Energy Cost as a Function of Capacity Factor for 
Different Thermal Transport Costs (1978 Dollars) 


improvement does not significantly impact overall energy costs (there is a 
small 4% improvement). Once again, as in the previous engine overhaul sensi- 
tivity, the low transport FFDR/R system has a lower cost than the PFDR/B system 
at high capacity factors because of comparatively lower thermal storage costs. 


6. Electri«;.al Storage Cost 

The last physical component, tested in the sensitivity analysis was 
electrical storage cost. The high cost and low efficiency of electrical 
storage compared with thermal storage was previously shown to be a significant 
cost driver for the PFDR/B and PFDR/S systems at high capacity factors. It was 
also stated that it would be infeasible for these systems to use thermal 
storage because of transport complexities. However, if the baseline scenario 
redox electric storage system is not developed by 1990, it may be necessary to 
utilize one of several generic electrical storage batteries. Lead-acid 
batteries were chosen as the sensitivity alternative. Performance of other 
types of electrical storage batteries would probably fall somewhere between 
redox and lead-acid batteries. As indicated in Section IV, the major differ- 
ences between redox systems and batteries w&re that batteries have a shorter 
lifetime (about 6 years versus 30 years for redox) and higher storage-size 
cost. The behavior of both types are shown for the baseline PFDR/B system in 
Figure 5-12. It can be seen at low capacity factors (where the quantity of 
storage required is low) that lead-acid battery storage can achieve almost as 
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Figure 5-12. Energy Cost of PFDR/B as a Function of Capacity Factor 
for Lead-Acid Battery and Redox Storage Systems 
(1978 Dollars) 


loy energy costs because its required conditioning equipment is not as complex. 
However, as capacity factor and storage size increase the redox system achieves 
as much as a 20X lower energy cost because it has significantly lower capacity- 
related costs which more than compensate for higher conditioning equipment 
costs. Therefore, it does not seem that lead-acid battery storage systems can 
perform as well as the redox design at most capacity factors when storage is 
utilized. 


7. Financial Parameters 

There are also non-physical input i^t^^ters that affect energy 
cost and are also subject to uncertainty. «re the financial values 
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Figure 5-13. Imp act o f Various Financial Scenarios on 
the BBEC of PFDR/B System (1978 Dollars) 


assumed. Therefore, another pertinent sensitiv ity e ffort involved varying the 
financial parameters that were used to develop BBEC. The baseline assumptions 
were given in Section l.C. These parameters included a general inflation rate 
of 6% and a capital cost of 8.6% during the total lifetime of the plant. In 
view of the current state of the United States economy, an inflation rate of 
7% annually was considered. Furthermore, in this higher inflation case, the 
cost of capital was changed to 10.6%. This was the current rate used by 
Southern California Edison. Figure 5*13 shows the impact of the higher rate 
on the base line PFDR/B system. The BBEC for this case increases by about 18% 
(i.e., BBEC increases from 89 to 105 mills/kWeh with no storage). Both the 
baseline and the higher inflation scenarios are based on a private, investor- 
owned utility. However, public ownership is another option that siay be of 
interest. In this scenario the major change from the baseline case is that no 
income taxes are paid. Energy costs decrease by 24% when compared with the 
baseline scenario (68 versus 89 mills/kWeh with no storage). 
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SECTION VI 


CONCLUSIONS 


The primary finding of the cost and performance analysis is that the 
point-focusing systems provide equivalent quantities of energy at lower costs 
than either the one-axis or non-tracking plants. The point-focusing systems 
had the highest collector and power conversion efficiencies • They also had the 
best overall plant efficiencies (17 to 26^). The moct efficient system was the 
FFDH/S. Since the higher efficiency plants require smaller concentrator areas 
to produce equivalent quantities of energy^ and since the concentrator is a 
major cost componeuc, the point-focusing systems also hava the lowest total 
subsystem costs. The lowest capital cost for any system was the PFDR/S ($5.26 M 
with no storage at 5 MWe) . 

It follows that the point-focusing systems achieved the lowest BBEC (89 
to 130 mills/kWeb at 5 MWe). The PFDR/B system is the least expensive per- 
former by a very small margin over the PFDR/R, PFDR/S, and PFCR systems, pri- 
marily because of low engine overhaul costs. Actually, the PFDR/R system is 
as low cost as the PFDR/B system at high capacity factors for the 5-MWe size 
because of its utilization of thermal storage rather than electrical storage. 

For all power plants evaluated, less than 50% of the BBEC to be charged 
to consumers is made up of capital costs (43 to 46%) « The remainder consists 
of O&M, income taxes, and insurance costs. At a size of 1 MWe, the energy 
costs for all plants are somewhat higher than those for the 5-MWe case. This 
occurs because fixed-cost items make up a higher proportion of total costs 
while power generated is lower. Also, the systems uning large central-Rankine 
engines use smaller less-efficient units to generate 1 MWe than they do to 
generate 5 MWe. Meanwhile, the distributed engine systems (PFDR/B and PFDR/S), 
which utilize small concentrator-mounted power conversion units, use fewer 
engines of the same size and efficiency at 1 MWe as compared to the 5-MWe case. 
Therefore, these systems are slightly more favorable in the 1-MWe case when 
con^ared to central engine plants. At the 10-MWe size, energy costs for all 
plants are lower than in the 5-MWe case because of an increase in energy 
output while some costs remain fixed or level off. The incremental change 
between 5 and 10 MWe is ?f.ot as great as between 1 and 5 MWe because larger 
concentrator areas begin to outweigh the effects of the fixed costs. In 
contrast to the 1-MWe case, at 10 MWe the central generating plants use 
larger, more efficient engines while distributed engine efficiencies remain 
the same as in the 1- and 5-MWe cases. The? '‘"-re , at 10 MWe the central 
generating systems (i.e., PFDR/R and PFCEJ •.< -> ve in the overall ranking to 
the point where the PFDR/R system is the ^ performer at capacity 

factors between 0.5 and 0.75. 

It can be concluded from the sensitivity analyses that the absolute value 

of BBEC may be more sensitive to economic and financial factors than to those 
of a technological nature. Even so, it was also found that if emphasis is 
placed on improving engine efficiency, reduci ng eng ine overhauls, and/or in- 
creasing production rates, then the resulting BBEC has the greatest chance of 
being decreased from the baseline case. 
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